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Introduction
Working memory, the ability to briefly
store and act on mental representations of
information, even when that information
is no longer associated with sensory input,
is crucial to completing goal-directed behav-
iors (Goldman-Rakic, 1996; Miller and Co-
hen, 2001). This type of memory critically
depends on the prefrontal cortex, as first
described based on neurophysiological
and lesion studies in monkeys (Fuster,
1990; Goldman-Rakic, 1990). The ability
to maintain information in prefrontal
cortex after the sensory stimulus is re-
moved is linked to persistent firing of
excitatory glutamatergic pyramidal cells
(Goldman-Rakic, 1996), but disruption
of GABAergic circuits in the prefrontal
cortex can produce profound impair-
ments in working memory (Enomoto et
al., 2011). Conversely, pharmacologically
targeting this local inhibitory circuitry can
reverse age-related working memory def-
icits (Bañuelos et al., 2014). These results
from animal studies suggest a critical role
for inhibitory GABAergic circuits in pre-
frontal cortex-dependent working mem-
ory (Murray et al., 2015). Consistent with
this, postmortem studies of people with
schizophrenia, a psychiatric disorder that is
associated with significant working mem-
ory deficits, have found reduced levels of
GABAergic markers in the dorsolateral
prefrontal cortex (Lewis et al., 2005).
However, few in vivo human studies have
directly linked GABA levels to working
memory performance. Therefore, Yoon et
al. (2016) explored whether GABA levels
in the dorsolateral prefrontal cortex are
correlated with individual differences in
working memory task performance and
working memory load capacity.
Yoon et al. (2016) estimated GABA
content within the dorsolateral prefrontal
cortex of young-adult volunteers using
single-voxel proton magnetic resonance
spectroscopy. Participants were then tested on
a delayed response working memory task
with five trial conditions. All trials fol-
lowed the cue, delay, probe format, but
they differed in the number of cues pre-
sented (1 vs 2), length of delay (2 s vs 9 s),
and the inclusion of distractors during the
delay (no distractor vs 1 s distractor). This
procedure allowed for the assessment of
three frequently studied working memory
components: memory load, maintenance,
and resistance to distraction. Participants
performed 28 trials for each condition and
accuracy as a function of trial condition
was used to calculate a metric for changes
in memory load, maintenance, and dis-
traction; a higher value indicated a greater
degradation in that component of work-
ing memory. The relationship between
working memory component values and
GABA levels in dorsolateral prefrontal cor-
tex was then assessed for each participant.
Accuracy decreased as the task became
more difficult, decreasing from 99.6% in
trials with a single cue and a short delay to
76.0% for the most difficult condition
with two cues, a long delay, and an inter-
polated distractor. There was a significant
relationship between dorsolateral prefrontal
cortex GABA levels and working memory
load such that individuals with higher
GABA levels in the dorsolateral prefrontal
cortex performed significantly better on
the trials requiring greater memory capac-
ity. There was no significant relationship
between dorsolateral prefrontal cortex
GABA levels and the other two compo-
nents of working memory: maintenance
and resistance to distraction. The signif-
icant relationship between GABA levels
and working memory load was specific to
GABA in the dorsolateral prefrontal cor-
tex as no such relationship was observed
in the visual cortex or between levels of
glutamine plus glutamate and working
memory load.
Working memory decline in aging
Accumulating evidence indicates that,
during normal aging, executive functions
supported by the prefrontal cortex, in-
cluding working memory, are among the
earliest and most severely impaired cogni-
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tive abilities (Salthouse et al., 2003).
Working memory in humans declines
longitudinally with age, and aged individ-
uals perform significantly worse than
young (Nagel et al., 2009). In humans and
primates, the total number of prefrontal
cortex cells is preserved in aging (Peters et
al., 1996). There is, however, evidence of
significant age-related changes in neuro-
nal morphology, including apical den-
dritic regression, loss of synapses, and a
decrease in spine number (Peters et al.,
1996; Bloss et al., 2013). Moreover, inhib-
itory circuits in the prefrontal cortex are
vulnerable to age-related changes that may
underlie cognitive decline at advanced age.
These changes include increased expression
of GAD, the critical enzyme for GABA
synthesis, altered expression of GABAB
receptors, and reduced expression of
GAT-1, the GABA transporter responsi-
ble for the reuptake of GABA at the syn-
apse, in aged prefrontal cortex compared
with young (Bañuelos et al., 2014). In con-
trast to Yoon et al. (2016), increased inhi-
bition in the prefrontal cortex negatively
affects working memory performance in
aged rats, implying that the relationship
between GABAergic drive and cognitive
performance differs in an age-dependent
manner. The loss of tonic presynaptic
GABAB autoreceptor activation in layer
2/3 pyramidal cells in the prefrontal cor-
tex of aged rats supports this premise
(Carpenter et al., 2016). Together, these
data suggest that there is an optimal inhib-
itory state in the young and aged prefron-
tal cortex, and any deviation from this
state could adversely affect the cognitive
processes mediated by this area.
The balance between excitation and
inhibition is crucial for optimal cognitive
functioning and maintaining network os-
cillations that support these capacities. An
emerging literature demonstrates that, in
aging, significant changes in both excitatory
and inhibitory synaptic transmission may be
relatedtocognitive impairment(Bories et al.,
2013). Theta (4 – 8 Hz) and gamma (20 –
100 Hz) oscillations, neural oscillations
that have been linked to information pro-
cessing and cognition, are attenuated in
certain behavioral conditions in aging
(Jacobson et al., 2013). The coupling of
theta and gamma oscillations, which sup-
ports cognitive processes, is also decreased
in aged rats (Jacobson et al., 2013). In hu-
mans, gamma oscillatory power is posi-
tively correlated with working memory
load (Howard et al., 2003). Moreover,
gamma band dynamics are decreased in
older adults in association with poor
working memory (Missonnier et al., 2010).
Gamma oscillations are directly linked
to the firing of fast-spiking parvalbumin-
expressing GABAergic interneurons (So-
hal et al., 2009). Therefore, more GABA,
as reported by Yoon et al. (2016), would
be predicted to facilitate the modulation
of neuronal rhythms during cognitive
engagement.
In a recently published study, Porges et
al. (2017) used a technique similar to
Yoon et al. (2016) to measure in vivo
GABA levels in young and older individu-
als that were assessed on the Montreal
Cognitive Assessment. They found that
GABA concentrations in both frontal and
posterior regions declined with age. Inter-
estingly, in line with Yoon et al. (2016),
after controlling for age, years of educa-
tion, and brain atrophy, greater frontal
GABA concentrations were associated with
superiorcognitiveperformance.Thisstudyas-
sessed general cognitive function and did not
look at specific frontal regions. Extending
the approach of Yoon et al. (2016) to in-
clude a direct assessment specifically of
dorsolateral prefrontal cortex GABA lev-
els in relation to working memory perfor-
mance in older individuals would shed
new light on how GABA levels change
with age, in relation to age-related work-
ing memory deficits.
It is noteworthy that the study by Yoon
et al. (2016) included both males and fe-
males but sex differences in working
memory performance or GABA levels were
not reported. Nonetheless, significant sex ef-
fects have been reported previously (Epper-
son et al., 2002; Harness et al., 2008). In
longitudinal studies of cognitive aging,
older women displayed greater resilience
to age-related cognitive decline compared
with male counterparts (McCarrey et al.,
2016). It would therefore be valuable to
examine the relationship between sex,
cortical GABA levels, and working mem-
ory performance in aging.
The use of magnetic resonance spec-
troscopy imaging, as outlined by Yoon et
al. (2016), to assess neural substrates, such
as GABA in vivo in humans, may be a use-
ful tool to study the integrity of excitatory/
inhibitory influences in specific brain
regions in relation to cognitive ability
across the lifetime. Data from such studies
may point to novel therapeutic targets for
treating cognitive deficits in aging that
aim to restore homeostasis at advanced
age. Most currently available treatments
for age-related cognitive decline target ex-
citatory circuitry; and although patients
with mild cognitive impairment show im-
proved performance on explicit memory
tasks, this therapeutic approach appears
to be effective for a relatively short time
after initiation of treatment (Jacqueline
and Leon, 2006; Schneider et al., 2011).
Therefore, there is a great need to develop
novel therapeutic approaches. Targeting
inhibitory GABAergic systems pharmaco-
logically, with transcranial magnetic stim-
ulation or by other directed techniques,
may be such an approach.
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